Abstract-The accumulation, distribution, and thermally stimulated release of hydrogen in a VT1 0 tita nium alloy during electrolytic saturation and gas phase saturation are studied. After electrolytic saturation, a 0.4 μm thick surface layer consisting of δ hydrides with a binding energy of 108 kJ/mol forms in the alloy. The hydride dissociation after electrolytic saturation in heating occurs in the temperature range 320-370°C. After saturation from a gas atmosphere, δ hydrides with a binding energy of 102 kJ/mol form throughout the alloy volume. The dissociation of the hydrides formed during gas phase saturation in heating occurs in the temperature range 520-530°C. A further increase in the temperature is accompanied by the transformation of titanium from the α into the β modification. At 690-720°C, the phase transformation is completed, and another hydrogen desorption peak appears in a thermally stimulated hydrogen desorption spectrum.
INTRODUCTION
Titanium and its alloys are widely used as structural materials in various industries [1] [2] [3] [4] [5] . The penetration and accumulation of hydrogen in titanium parts change their physicochemical and service properties and cause their delayed fracture because of hydrogen embrittlement [6] . The kinetics and intensity of such changes depend on the state of hydrogen in a material [7] . Hydrogen in titanium can be in the form of hydrides or in a dissolved state [8, 9] . To determine the quantity, distribution, and state of accumulated hydrogen at various types of treatment is necessary to develop methods for preventing hydrogen embrittle ment.
To determine the state and quantity of hydrogen accumulated in metals, researchers apply thermodes orption spectroscopy (TDS), where the flow of des orbed hydrogen is continuously measured in heating at a given rate [10, 11] . In the TDS studies of hydrogen accumulation in titanium alloys, it is important to take into account the effect of the phase transitions in the titanium-hydrogen system on thermally stimulated hydrogen desorption, since they affect the shape of TDS spectra [8, 12] . The hydrogen accumulation in titanium was analyzed by TDS in many works [8] [9] [10] [11] [12] . For example, the effect of the phase transitions in the titanium-hydrogen system on the thermally stimu lated hydrogen desorption after electrolytic hydrogen saturation was comprehensively studied in [12] . The authors of [9, 10] investigated the hydrogen accumu lation in titanium by TDS during saturation from a gas atmosphere; however, they did not analyze the effect of the phase transitions in the titanium-hydrogen sys tem on thermally stimulated hydrogen desorption after saturation from a gas atmosphere.
To understand the processes of hydrogen accumu lation in titanium alloys, one has to know detailed information on the phase transitions in the titaniumhydrogen system during simultaneous thermal action and hydrogen desorption. Such information can be obtained from the diffraction data measured during TDS experiments using synchrotron radiation. The purpose of this work is to study the hydrogen accumu lation and distribution in a commercial purity tita nium alloy (VT1 0) during electrolytic saturation and saturation from a gas atmosphere and to perform in situ investigations of the effect of the phase transitions in the titanium-hydrogen system on the thermally stimulated hydrogen desorption using synchrotron radiation.
EXPERIMENTAL
For investigations, we prepared 20 × 20 × 1 mm samples. They were spark cut from a VT1 0 titanium alloy sheet in the as delivered state. The sample sur faces were mechanically polished to remove a surface oxide film. The samples were vacuum annealed at 750°C for 60 min to remove defects and to relieve sur face stresses.
Electrolytic saturation was performed in an M solution of sulfuric acid for 360 min at an electric cur rent of 0.73 A and an electrolyte temperature of 70°C. Saturation from a gas atmosphere was carried out at a temperature of 600°C for 60 min at a hydrogen pres sure of 6.6 × 10 4 Pa in the chamber of a computer assisted Gas Reaction Controller LPB setup [13] .
After hydrogen saturation, we measured the hydrogen concentration with an RHEN 602 (LECO) hydrogen analyzer. The depth profiles of hydrogen were recorded using a GD Profiler 2 (Horiba) glow dis charge plasma spectrometer [14] . The phase composi tion and the structure parameters of the samples after saturation were studied on an XRD 6000 diffractome ter using CuK α radiation. The phase composition was analyzed using the PCPDFWIN and PDF 4+ data bases and the POWDER CELL 2.5 full profile analy sis software package. The spectra of the thermally stimulated hydrogen desorption from the samples were recorded on a com puter assisted Gas Reaction Controller LPB setup using an RGA 100 (Stanford Research Systems) qua drupole mass spectrometer. A sample was placed in a chamber pumped down to a pressure below 10 -4 Pa and was then linearly heated. The hydrogen flow was continuously measured with the mass spectrometer. The heating rate of a sample during TDS was 4-8°C/min and the heating range was 30-900°C. The spectra of thermally stimulated hydrogen release were analyzed by the Kissinger method [15] .
The in situ investigation of the phase transitions in the titanium-hydrogen system during thermally stim ulated hydrogen release was performed on the Preci sion X ray Diffraction II Station of the Institute of Catalysis, Siberian Branch, Russian Academy of Sci ences in synchrotron radiation channel 6 of the VEPP 3 electron storage ring [16, 17] . This station is characterized by an OD 3M one coordinate detector used in the powder diffractometer. The detector con sists of a multiwire proportional gas chamber, a detect ing unit with a coordinate processor, and a computer [18] . The one coordinate detectors record scattered radiation in a certain angular range (~30°) in 3328 channels at a speed of response up to 10 MHz. A sam ple was placed in the chamber pumped down to a pres sure below 10 -4 Pa and was then linearly heated in the range 30-750°C at a rate of 6 °C/min. X ray diffrac tion patterns were recorded every heating minute, i.e., every 6°C. The recorded X ray diffraction patterns were processed and analyzed using the PDF 2 scarch match, FullProf, and Crystallographica soft ware packages. Figures 1-3 show the depth profiles of the elements in titanium alloy samples before and after hydrogen sat uration. Oxide compounds and gaseous impurities (carbon, hydrogen) are present in a 0.1 μm thick sur face layer. In the initial titanium alloy, hydrogen exists in a thin surface region and its absolute content is 0.0034 wt %.
RESULTS AND DISCUSSION

Hydrogen Accumulation and Distribution
A 0.4 μm thick layer with a high hydrogen content forms in samples as a result of electrolytic hydrogen saturation (Fig. 2) . In this case, the signal intensity of hydrogen is approximately twice as high as the signal intensity of titanium, and an analysis of the depth pro file of hydrogen suggests that the layer consists of tita nium hydride with a composition close to stoichio metric composition TiH 2 . The depth profiles of hydro gen in titanium alloy samples after saturation from a gas atmosphere are characterized by the fact that the hydrogen level remains high across the entire analysis depth (3 μm), and the hydride layer thickness is 0.25 μm. This finding is explained by the fact that, during electrolytic saturation, hydrogen accumulates in titanium in the near surface layer and weakly diffuse deep into the sample volume because of the low diffu sion coefficient of hydrogen in titanium at moderate temperatures [7] . During hydrogen saturation from a gas atmosphere at high temperatures, hydrogen dif fuses deep into the sample volume and is distributed over the entire sample volume at a sufficient saturation time. The absolute hydrogen content was 0.966 wt % in the samples saturated from a gas atmosphere at 600°C and 0.0241 wt % in the samples subjected to electrolytic saturation.
Effect of Hydrogen on the Phase Composition of the Titanium Alloy
The results of X ray diffraction (XRD) analysis of the effect of hydrogen saturation on the phase compo sition of the titanium alloy are given in the table.
During electrolytic saturation, hydrogen accumu lates in the near surface layer of the samples and forms hydride phases, the compositions of which are close to the stoichiometric composition, with the titanium alloy (Fig. 2) . This follows from the XRD results (see the table). Hydrogen saturation from a gas atmosphere at a high temperature is accompanied by hydrogen dif fusion without the formation of hydride phases [12] . Upon cooling after saturation, hydrides form in the samples; however, the volume content of hydrides on the surfaces of the samples saturated from a gas atmo sphere is lower than that of hydrides at the surfaces of the samples subjected to electrolytic saturation (see the table).
Thermally Stimulated Hydrogen Desorption
The spectra of thermally stimulated hydrogen des orption from titanium alloy samples are shown in Fig. 4 (electrolytic saturation) and Fig. 5 (gas phase saturation). As was detected earlier, the absolute hydrogen content in the samples saturated from a gas atmosphere is higher than in the samples subjected to electrolytic saturation. Thus, the intensity of hydrogen release from the samples saturated from a gas atmo sphere (increase in the pressure from 1 × 10 -3 to 2 × 10 -2 Pa) is two orders of magnitude higher than that from the samples subjected to electrolytic satura tion (increase in the pressure from 1.8 × 10 -4 to 6.2 × 10 -4 Pa).
The binding energy of hydrogen for each saturation method was determined from the dependences of ln(β/T 2 ) on 1/T, where β is the heating rate and T is the peak temperature (Fig. 6) [10] . As a result, we obtained the following binding energies of hydrogen: 108 kJ/mol for electrolytic saturation and 102 kJ/mol for gas phase saturation. These data agree with the XRD results for the titanium alloy results [12, 19] on determining the binding energy of hydrogen in a titanium alloy after electrolytic satura tion (108 and 106 kJ/mol) and gas phase saturation (100 kJ/mol). This binding energy range for hydrogen in titanium corresponds to hydride, which agrees with our XRD data. The TDS spectra of the samples saturated from a gas atmosphere are characterized by the appearance of a second peak in the high temperature region, which is related to phase transitions in the titanium-hydro gen system.
Phase Transitions in the Titanium-Hydrogen
System during Thermally Stimulated Hydrogen Desorption Figure 7 shows the X ray diffraction patterns that demonstrate the kinetics of the phase transitions in annealing of the titanium alloy samples subjected to electrolytic hydrogen saturation. During linear heat ing at a rate of 6 °C/min, the reflections of titanium hydride begin to decrease at a temperature of 320°C and fully disappear at 370°C. However, hydrogen des orption begins at a temperature of 550°C (Fig. 4) . These results demonstrate that hydrogen atoms dis solve in the titanium lattice after dissociation. The hydride dissociation temperature (320°C) corre sponds to the boundary between the α + δ and α + β phase fields in the phase diagram [12] . Thus, the hydrogen electrolytic saturation of the titanium alloy results in the formation of a surface layer consisting of δ hydrides in the alloys samples. Figure 8 shows the X ray diffraction patterns that demonstrate the kinetics of the phase transitions in heating in the titanium alloy samples hydrogen satu rated from a gas atmosphere.
During linear heating at a rate of 6 °C/min, the reflections of titanium hydride begin to decrease at a Fig. 8 . Kinetics of the phase transitions in heating of the VT1 0 titanium alloy after gas phase hydrogen saturation.
temperature of 520°C and fully disappear at 530°C, and hydrogen desorption begins (Fig. 5) . However, hydrogen desorption begins at a temperature of 550°C (Fig. 5) . The hydride dissociation temperature (530°C) corresponds to the boundary between the δ and β + δ phase fields in the phase diagram [12] . Thus, the hydrogen saturation of the titanium alloy from a gas atmosphere results in the formation of δ hydrides throughout the alloy volume. A further increase in the temperature from 530°C is accompanied by a decrease in the reflection intensities of α titanium and by an increase in the reflection intensities of β titanium, which indicates gradual transformation of titanium from the α into the β mod ification. At a temperature of 690-720°C, α titanium fully transforms into β titanium, and another peak appears in a thermally stimulated hydrogen desorption spectrum (Fig. 5) .
CONCLUSIONS
We experimentally detected that the electrolytic hydrogen saturation of a VT1 0 titanium alloy in an M solution of sulfuric acid at an electric current of 0.73 A and an electrolyte temperature of 70°C for 360 min results in the formation of a 0.4 μm thick surface layer consisting of δ hydrides with a binding energy of 108 kJ/mol. The dissociation of the electro lytically formed hydrides in heating occurs in the tem perature range 320-370°C. The hydrogen saturation from a gas atmosphere at a temperature of 600°C for 60 min and a hydrogen pressure of 6.6 × 10 4 Pa in a chamber results in the formation of δ hydrides with a binding energy of 102 kJ/mol throughout the sample volume. The dissociation of the hydrides formed dur ing gas phase saturation in heating occurs in the tem perature range 520-530°C. A further increase in the temperature is accompanied by the transformation of titanium from the α into the β modification. At 690-720°C, α titanium almost fully transformed into β titanium, and another hydrogen desorption peak appears in a thermally stimulated hydrogen desorption spectrum.
